Abstract Based on a long-term simulation of an ocean-biogeochemical coupled model, we investigate the biogeochemical response to the two types of El Niño events, a Cold Tongue (CT)-El Niño and a Warm Pool (WP)-El Niño, in which a local maximum of anomalous sea surface temperature (SST) is located in the eastern and central tropical Pacific. Our model is able to reasonably simulate the characteristics of the biological variables in a way comparable to the observations. During the developing period, anomalous low chlorophyll appears in the eastern Pacific, while it appears in the central Pacific in the WP-El Niño. The difference in the spatial-temporal response of chlorophyll for the two types of El Niño events is mainly due to the eastward zonal advection of upper ocean currents, which plays a role in bringing nutrient-poor water from the western Pacific. During the decaying period of the WP-El Niño, anomalous high chlorophyll appears concurrently with anomalous low SST in the eastern Pacific. Conversely, anomalous high chlorophyll appears in the central Pacific prior to the decaying period of the CT-El Niño. In particular, the anomalous low sea level from the northwestern Pacific shifts to the southern equatorial region during the decaying period of the CT-El Niño. This drives anticyclonic boundary currents which enhance the Equatorial Undercurrent, playing a role in the supply of nutrients to the central equatorial Pacific, resulting in an increase in chlorophyll concentration in the same region.
Introduction
Phytoplankton are one of the primary producers in the ecosystem via carbon fixation, producing nearly half of the world's oxygen through photosynthesis. They assist in recycling elements such as carbon, phosphorus, and nitrogen, which are required by other organisms [Field et al., 1998; Behrenfeld et al., 2001] . Typically, chlorophyll is used to measure the concentration of biomass, such as phytoplankton and algae. Furthermore, chlorophyll affects the absorption of shortwave radiation and, thus, the vertical distribution of ocean temperature in the upper ocean [Lewis et al., 1983 [Lewis et al., , 1990 Siegel et al., 1995] , which is able to modify air-sea interaction processes. Therefore, an understanding of how the variability of chlorophyll is associated with the changes in the physical properties of the upper ocean sheds light on many topics.
The concentration of chlorophyll is determined by the light, temperature, and nutrients available [Tilman et al., 1982; Cullen, 1991] . The Equatorial Pacific region is characterized by richer light and temperature, but less of the nutrients that are needed for the growth of phytoplankton. In more detail, the nutrient requirements within the equatorial Pacific differ considerably (e.g., iron limited, nitrate replete in eastern Pacific versus iron replete, nitrate limited in western Pacific) [Landry et al., 1997; Radenac et al., 2001] . Thus, the supply of nutrients including iron and nitrate is important for the increase of chlorophyll in the equatorial Pacific.
Previous studies have shown that the variability of chlorophyll is associated with climate variability on intraseasonal-to-decadal time scales, such as: the Madden Julian Oscillation, tropical cyclone activity, El Niño-Southern Oscillation (ENSO), and Pacific Decadal Oscillation (PDO) [Mantua et al., 1997; Chavez et al., 1999 Chavez et al., , 2003 Turk et al., 2001; Yoder and Kennelly, 2003; Dandonneau et al., 2004; Yeh et al., 2011; Jin et al., 2013] . Furthermore, numerous studies have shown that the concentration of chlorophyll decreases in the eastern and central Pacific during El Niño events (and increases during La Niña events) [Ryan et al., 2006; Turk et al., 2011; Radenac et al., 2012] . This is because the change in nutrient supply, which is a key factor in controlling the amount of chlorophyll, is largely associated with the changes in thermocline depth, Since the 1990s, WP-El Niños have occurred more frequently and intensively [Lee and McPhaden, 2010] and may continue to occur more frequently under global warming [Yeh et al., 2009; Yu et al., 2012] . There have been several recent studies which examine the response of tropical ecosystems to WP-El Niños [Turk et al., 2011; Radenac et al., 2012; Gierach et al., 2012] . The results of these studies showed that negative chlorophyll anomalies exist in the central Pacific only during WP-El Niños. The difference in the spatial pattern of the chlorophyll anomalies for the two types of El Niños is, arguably, dependent on the strength and extent of westerly wind anomalies associated with the amplitude of the El Niños [Turk et al., 2011; Gierach et al., 2012] and their impact on horizontal and vertical processes. Horizontal advection is a primary contributor to the differences in the chlorophyll concentrations of the two types of El Niño events in the central equatorial Pacific, whereas vertical advection and mixing is a dominant process in the eastern equatorial Pacific [Gierach et al., 2012] . In detail, westward surface currents in the central Pacific limit the expansion of anomalous chlorophyll core during WP-El Niño events and negative chlorophyll anomalies that extend eastward, which is mainly due to reduced upward iron fluxes linked to the deepening of the Equatorial Undercurrent [Radenac et al., 2012] .
In spite of these studies, it is still important to investigate the biological response in the equatorial Pacific Ocean in terms of the detail of relevant physical processes. This is because most previous studies have relied predominantly on satellite observation data only useful since 1997. Therefore, only two cases for CTEl Niño events (1997 , 2006 -2007 and three cases for WP-El Niño (2002 Niño ( -2003 Niño ( , 2004 Niño ( -2005 Niño ( , and 2009 Niño ( -2010 events have been observed since 1997. The time period analyzed is limited in these studies due to the length of the continuous ocean color record (i.e., 1997 to present). Therefore, it is very useful to examine details of physical processes on the chlorophyll response to two types of El Niño using a long-term simulation in a coupled model. The purpose of this study is to examine the mechanisms of the nutrients supply process associated with the amount of chlorophyll during the developing or decaying period in the two types of El Niño based on a long-term ocean-biogeochemical coupled model simulation using Geophysical Fluid Dynamics Laboratory Modular Ocean Model Version4 (GFDL MOM4p1).
A detailed explanation of the model used is provided in section 2. We discuss the chlorophyll responses to the two types of El Niño events and the physical process in section 3. A summary is given in section 4.
Model and Data
We analyze a biogeochemical and ocean ecosystem model, developed at GFDL, with the MOM4 [Griffies et al., 2009; Gnanadesikan et al., 2006] . The ocean model has 50 vertical z coordinates and a spatial resolution of nominally 1 globally, with a higher 1/3 resolution near the equator. The vertical resolution is non-ms 22 . In our model experiments, the optical routine used for estimating shortwave penetration, representing the impact of chlorophyll on the optical properties of ocean water, is the Manizza optics scheme [Manizza et al., 2005] . Thickness and density weighted tendency of temperature associated with penetrative shortwave heating is computed from either implemented chlorophyll data or a biogeochemical model. In this scheme, the shortwave radiation is computed at every vertical level of the model as a function of the chlorophyll concentration and the irradiance at the vertical level just above. Thus, this scheme considers the self-shading effect caused by the presence of phytoplankton in the water column.
The biogeochemical model for the simulation of chlorophyll concentration is the Tracers of Phytoplankton with Allometric Zooplankton (TOPAZ) model [Geider et al., 1996; Dunne, 1999; Dunne et al., 2005] . The TOPAZ model was designed to represent the phytoplankton functional groups of (1) a small (picoplankton/ nanoplankton) group caught in a tight microbial loop loosely characterized as cyanobacteria and (2) a large (nanoplankton and microplankton) group of phytoplankton capable of being decoupled from grazing and to create sinking material. The latter are facultatively (3) diatoms. This serves as an alternative to explicitly represent diatoms as the only exportable form of primary production after Dunne et al. [2000] . This model is coupled with the ocean model (MOM4p1) and it considers 25 tracers, including three phytoplankton groups, two forms of dissolved organic matter, heterotrophic biomass, and dissolved inorganic species. The phytoplankton functional groups undergo colimitation by light, nitrogen, phosphorus, and iron with flexible physiology, but each phytoplankton group has its own parameter set for determining growth rates and its own nutrient stoichiometry. The growth rates for phytoplankton are modeled as a function of variable chlorophyll to carbon ratios. A key feature of the model is the parameterization of phytoplankton loss through the size-based relationship. The TOPAZ model has been tested against global nutrient and satellite observations in the GFDL global ocean model, and has shown a good performance in simulating observational biogeochemical properties [Henson et al., 2009; Gnanadesikan et al., 2011] .
The TOPAZ divides the phytoplankton community into a small number of functional groups that react differently to light and nutrient limitations. The growth rate (l) of a given group of phytoplankton is: (N,P,Fe,Irr) refer to the limitation terms for nitrogen, phosphorus, iron, and light, respectively. Phytoplankton is then influenced by temperature, whatever nutrient is most limiting, and by light. The physiological limitations of each term are described in detail in Dunne et al. [2010] .
In our present study, the GFDL MOM4 with TOPAZ is forced by the historical wind, derived from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis 1 [Kalnay et al., 1996] , for the period of 1951-2010. We limited the period analyzed to 1971-2010, because of the spin-up time before 1970. We used climatological boundary conditions, including: shortwave radiation, longwave radiation, near-surface specific humidity, and air temperature. These climatological boundary conditions are obtained from the Common Ocean-ice Reference Experiment (CORE) forcing data set [Large and Yeager, 2004] . Runoff is given by a climatological annual value, and wet and dry dust deposition fluxes are prescribed by the monthly climatology from Ginoux et al. [2001] . Recent studies used the TOPAZ model to examine the marine biological feedback in both the tropics and the global ocean [Gnanadesikan et al., 2011; Park and Kug, 2013 ; J.-Y. Park et al., A modeling study on bio-physical processes associated with ENSO, submitted to Progress in Oceanography, 2014].
The observed chlorophyll concentrations are derived from measurements taken using the Sea-viewing Wide Field-of-view Sensor (SeaWiFS; 1997 and the Moderate Resolution Imaging Spectroradiometer (MODIS; aboard the Aqua satellite. We used 9 km resolution monthly composites, provided by the NASA Goddard Space Flight Center (GSFC) and Distributed Active Archive Center (DAAC) [Campbell et al., 1995; McClain et al., 2004] . The SST data used in this study is NOAA Extended Reconstructed SST (ERSST) V3b [Smith et al., 2008] . The ERSST is on a 2 3 2 (latitude 3 longitude) grid and covers 40 years, from 1971 to 2010.
We interpolated the observation data onto a 1 3 1 grid using a bilinear interpolation method. [Livezey and Chen, 1983] . These results indicate that the ocean model, forced by a historical wind stress forcing, is able to reasonably simulate the SST variability on an interannual time scale.
Furthermore, we compare the SST patterns along with surface wind for both types of El Niño events during the boreal winter (December-January-February, DJF) between the model simulation and the observations ( Figure 2 ). We adopt the definitions of the CT-El Niño and WP-El Niño from Kug et al. [2009] . To classify the two types of El Niño, the years when either Niño3 SST or Niño4 SST from September to the following February is greater than its corresponding standard deviation are selected. Among those years, the CT-El Niño is defined when Niño3 SST is greater than the Niño4 SST and the WP-El Niño is defined when the Niño4 SST is greater than the Niño3 SST. The years with occurrences of the two types of El Niño events, as seen in observations and simulated by our model, are depicted in Table 1 . forcings are identical with the observations. However, the model tends to simulate the center of maximum positive anomalies westward for both types of El Niño events (Figures 3b and 3d ). That is, the center of the maximum SST is shifted to the west approximately 20 -30 . In addition, it appears that the meridional scale of SST is narrower in the model simulation than in the observations. It is well known that most current climate models have a systematic problem that the center of the maximum SST is shifted to the west, which is mainly associated with the equatorial SST bias [AchutaRao and Sperber, 2002; Hannachi et al., 2003; Wittenberg et al., 2006; Kug et al., 2010] . Despite these differences, the model tends to simulate the features distinguishing the two types of El Niño events. In particular, it is evident that the center of the maximum anomalous SST of the WP-El Niño shifted westward approximately 30 compared to that of the CT-El Niño. 1972-1973 1976-1977 1977-1978 1982-1983 1990-1991 1994-1995 1997-1998 2002-2003 2004-2005 2006-2007 2009-2010 (1997-2010) and model (1971-2010) . Note that mean and standard deviation of chlorophyll was expressed as a log10 scale.
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We also examine the model performance in simulating the biological variables. Figure 3 shows the longterm mean chlorophyll concentration observed from 1997 to 2010 compared to the model simulation for the years 1971-2010. Note that the chlorophyll concentration is obtained from the surface in the model, which is comparable to the observations. The correlation coefficients in chlorophyll concentration averaged in the Niño3 region and Niño4 region are 0.44 and 0.70, respectively, for the period of 1997-2010, which are statistically significant at 95% confidence level. The chlorophyll concentration is high in the eastern Pacific and low in the western Pacific in both the observation (Figure 3a ) and the model (Figure 3b ) . In particular, a higher concentration is located in the equatorial eastern coastal regions. This is predominantly because of the coastal upwelling, which shifts cool and nutrient-rich waters toward the upper ocean. The simulated mean chlorophyll concentration is lower than the observed concentration in the eastern coastal region. The mean concentration and interannual variability show higher values near islands (e.g., Marquesas Island and Kiribati Island) in the observation (Figures 3a and 3c ). The shallow topography close to islands enhances the vertical mixing locally and breaks down the pycnocline (nutricline). Furthermore, eddies on the downstream side of the island that form in both the tidal and steady currents, the so-called Island mass effect [Doty and Oguri, 1956; Martinez and Maamaatuaiahutapu, 2004] , is not represented well in the model (Figures 3b and 3d ). In addition, the phytoplankton groups defined with TOPAZ may have some contribution to the disagreement with satellite observations. Nevertheless, the model tends to simulate the distribution of the chlorophyll concentration fairly accurately and its interannual variability, compared to the observations, shows that the model simulation can be used to examine the biological response to two types of El Niño events. [Chavez et al., 1998; Radenac et al., 2001] . In short, a weakening of the trade winds and the consequent thermocline deepening leads to a reduction in the amounts of nutrients in the eastern equatorial Pacific. In addition, a relatively low concentration of nutrient and chlorophyll water in the western equatorial Pacific is advected to the central equatorial Pacific due to an anomalous eastward current, which is responsible for the reduction in the chlorophyll concentration. It is evident that there exist strong westerlies in the western and central equatorial Pacific, which play a role to the advection of low concentration of nutrient and chlorophyll water from the western equatorial Pacific. Conversely, the chlorophyll anomalies associated with the WP-El Niño exhibit one core (<20.05 mg/m 3 ) near the date line in both the observation (Figure 4c ) and the model (Figure 4d ), indicating that an eastward zonal advection of less concentration of nutrient water due to the westerlies in the western equatorial Pacific plays a role in reducing the concentration of chlorophyll during WP-El Niño events. In contrast, there is little signal of anomalous low chlorophyll in the eastern equatorial Pacific, which is quite different from the CT-El Niño. These results are similar with previous studies based on observations [Turk et al., 2011; Radenac et al., 2012; Gierach et al., 2012] . The details of these processes will be discussed in the next subsection.
Physical Processes 3.2.1. Seasonal Evolution
In order to examine the mechanisms behind chlorophyll concentration in response to the two types of El Niño events, we first show the evolution of the surface zonal current anomalies associated with the two types of El Niño events (Figures 5a and 5b) . One may argue that the Hovmuller plots are likely biased by the strongest El Niño event such as 1997/1998 and may not be representative of all events; however, there is little difference of those Hovmuller plots with and without 1997/1998 in the present study (not shown).
In the CT-El Niño (Figure 5a ), anomalous eastward currents exist in the whole equatorial Pacific basin and their maximums appear during the developing period (i.e., September(0)-October(0)-November(0), SON (0)). Subsequently, the eastward zonal current diminishes abruptly around December(0) and its direction changes westward during the peak period of the CT-El Niño. In contrast, the eastward zonal currents associated with the WP-El Niño (Figure 5b ), which are confined to the western and central equatorial Pacific, are the strongest during its peak period (i.e., December (0)). Furthermore, the direction of the anomalous zonal We further analyze the evolution of the chlorophyll anomalies associated with two types of El Niño in our model ( Figure 6 ). According to previous studies [Kug et al., , 2010 , the two types of El Niño events have a distinct evolution due to their different ocean adjustments. The CT-El Niño exhibits a relatively fast transition, due to the effective discharge process, compared to the WP-El Niño. Our model is able to capture (1)). In the WP-El Niño, meanwhile, positive SST anomalies developed during JJA(0), peaking during D(0)JF(1). In contrast to the CT-El Niño, the phase transition from positive to negative anomalies is relatively slow in the WP-El Niño.
These SST changes are closely linked to the changes in the chlorophyll concentration. As previously analyzed [Blanchot et al., 1992; Chavez, 1999; Radenac et al., 2005; Ryan et al., 2006] , it is evident that chlorophyll concentration decreases where SST warming takes place for both types of El Niño events. That is, there exist negative chlorophyll anomalies in the central and eastern equatorial Pacific in CT-El Niño events (Figure 6b ) and they are confined within the central equatorial Pacific in WP-El Niño events (Figure 6d) . However, the details of the temporal evolution of chlorophyll concentration are somewhat different from that of an anomalous SST. While the maximum positive SST anomalies appear during D(0)JF(1) in CT-El Niño, minimal negative chlorophyll anomalies appear during SON(0). This is because the mean chlorophyll concentration is at its maximum during the fall (see Figure 7) when the anomalous upwelling is significantly reduced in the central equatorial Pacific (see Figure 5c) . Therefore, the anomalous concentration of chlorophyll can also be large during SON(0), prior to the peak period for a CT-El Niño. In addition, the anomalous eastward current in the upper ocean can also be strong during SON(0) (see Figure 5a ), indicating that the zonal advection of nutrient-poor water from the warm pool region plays a role in minimizing the chlorophyll concentration.
After a mature period of CT-El Niño, the negative anomalies of chlorophyll disappear very quickly, and the positive anomalies appear rapidly (Figure 6b ). It is noteworthy that the negative anomalies of chlorophyll suddenly disappear in the central equatorial Pacific after a peak period of CT-El Niño, and positive anomalies start to appear during the following Feb(1), in spite of the presence of an anomalous warm SST during the same period (Figure 6a ). This indicates that the transition of chlorophyll concentration associated with CT-El Niño events from the mature period to the decaying period tends to precede that of an anomalous SST by 2-3 months. Conversely, the evolution of chlorophyll anomalies is similar to that of an anomalous SST in the central equatorial Pacific (Figures 6c and 6d ) in the WP-El Niño. In other words, a phase transition of the anomalous SST and chlorophyll from the mature period to the decaying period appears concurrently in the WP-El Niño. This indicates that the two types of El Niño have distinct biological responses, not only in terms of spatial patterns, but also temporal evolutions. As shown in Figure  5 , a reduced upwelling and eastward zonal advection of warm pool water lead to the anomalous low chlorophyll during the developing period of the CT-El Niño. However, changes in the upwelling in the eastern equatorial Pacific are not effective in the WP-El Niño (see Figure 5d) , because of the weak trade winds in the central equatorial Pacific (not shown). Therefore, we argue that zonal advection from less nutrient water affects the distribution of anomalous low chlorophyll in the WP-El Niño, as well as the CT-El Niño. Previous studies have also suggested that zonal advection is major process for chlorophyll response during WP-El Niño [Radenac et al., 2012; Gierach et al., 2012] .
Figures 8a and 8b show the spatial structure of anomalous zonal current and chlorophyll concentration during SON(0) in the CT-El Niño and WP-El Niño events. The anomalous eastward current, which is averaged from surface to the depth of 50 m, is distinctive for both types of El Niño events, which is important in developing an anomalous SST. While the eastward current is only confined to the western-central equatorial Pacific in the WP El Niño, the current anomalies show a basin scale in the CT El Niño. It is quite striking that the pattern of the zonal current anomalies matched the anomalous chlorophyll concentration very well. This suggests that the anomalous zonal current plays a role to decrease chlorophyll concentration during the developing period of both types of El Niños, by advecting mean low chlorophyll concentration and nutrient-poor water from the western equatorial Pacific. Simulated model results have shown similar results based on observations [Turk et al., 2011; Radenac et al., 2012; Gierach et al., 2012] . Therefore, we argue that the anomalous low chlorophyll concentration is mainly due to both the advection of low chlorophyll concentration with less nutrient water (Figure 8 ) and the reduction during the transport due to nutrient limitation (see Figures 5 and 7) . However, it is noteworthy that the anomalous high chlorophyll concentrations are observed to the west of 150 E during the CT-El Niño (1997 ) and WP-El Niño (2002 in the observation [see Radenac et al., 2012, Figures 6 and 7] . In addition, the anomalous chlorophyll concentration in the far western equatorial Pacific is not low in the model as shown in Figures 6b and 6d . Therefore, we speculate that the chlorophyll reduction during transport due to nutrient limitations is mainly associated with the anomalous low chlorophyll concentration during the developing period of both types of El Niños.
Our further analysis indicates that the distinct difference in the anomalous zonal currents between the two types of El Niño events can be explained by the geostrophic currents. During (D(0)JF(1)) in both types of El Niño events, the westerly wind stress forcings prevail over the central equatorial Pacific (not shown). Therefore, the sudden changes in the anomalous zonal current during the peak period in the CT-El Niño are not explained by changes in the Ekman currents. According to previous study [An and Jin, 2001] , the equatorial mixed layer current can be divided into two components: (i) an Ekman current and (ii) a Geostrophic current. In the equatorial wave theory, the geostrophic balance is a good approximation for the momentum balance in the meridional direction [Jin and An, 1999] . That is, the meridional structure of the thermocline depth is directly linked to the equatorial geostrophic zonal current. (1) in the CT-El Niño, the equatorial water mass rapidly discharges so that a strong negative sea level height anomaly appears. Such a rapid change in the sea level height explains the sudden change in the geostrophic currents' direction, which is consistent with the changes in the anomalous zonal current (shown in Figure 5a ). However, the positive sea level anomalies begins to appear in July(0) in the WP-El Niño. Its growth is slow and its magnitude is weak. Changes in the anomalous sea level height begins to emerge the following March(1) after the peak period of the WP-El Niño, which is also consistent with the results shown in Figure 5b . Note that such evolutions of the zonal mean sea level associated with a two-type El Niño are consistent with the observational features .
Changes in Chlorophyll Concentration During the Decaying Period
As previously discussed, the chlorophyll responses to the two types of El Niño events are closely linked to the zonal current anomalies. In order to understand the details of the chlorophyll response after the peak period of the two types of El Niño events, we first examine the climatological distribution of chlorophyll, Figure 10 ). The restoration of chlorophyll is mainly affected by light, temperature, and nutrients. Except the Arctic region, the mean temperature is warm for the increase of chlorophyll; therefore, the chlorophyll concentration is limited by nutrients. The maximum chlorophyll concentration is observed between the MLD and the thermocline depth in the eastern equatorial Pacific (Figure 10a ). Nitrate (NO 3 ) and iron (Fe) are two major nutrients to controlling phytoplankton growth in the tropical Pacific. NO 3 is enough in the eastern equatorial Pacific (east of 150 W) due to a shallow thermocline depth (Figure 10b ). On the other hand, iron (Fe) concentration exists near in the far eastern and western equatorial Pacific (Figure 10c ). In particular, a high concentration of iron is observed in the above thermocline depth in the far western equatorial Pacific, which is due to its transportation from the New Guinea shelf and eastern coastal upwelling [Ryan et al., 2006] As shown in Figure 6 , the sign of chlorophyll anomalies associated with the CT-El Niño abruptly changes from a negative to a positive in the central equatorial Pacific after its peak period. Conversely, the chlorophyll anomalies during the decaying period of the WP-El Niño are relatively low and show little to no changes in the central equatorial Pacific. These differences can be seen more clearly in vertical cross-section of the chlorophyll concentration (Figure 11 ). During the peak period ((D(0)JF (11)) of the two types of El Niño events, both the WP-El Niño ( Figure 11a ) and the CT-El Niño ( Figure 11b ) have anomalous low chlorophyll concentrations around near date line or 150 W, respectively. Also, the anomalous low chlorophyll concentration appears around the MLD in both types of El Niño, indicating that the entrainment processes into the mixed layer play a key role to determine the chlorophyll concentration. Furthermore, negative anomalies weaken during MAM(11) in the central equatorial Pacific, and then a weak positive anomaly starts to appear in the eastern equatorial Pacific in a WP-El Niño ( Figure 11c ). In contrast, the evolution of chlorophyll associated with a CT El Niño is dramatic. The strong negative anomalies over the entire Pacific basin suddenly disappear from D(0)JF(1) to MAM(11). Positive anomalies of chlorophyll concentration seem to propagate to the east in the central equatorial Pacific (Figure 11d ), which is associated with abrupt changes of chlorophyll concentration in the CT-El Niño.
To examine the origin of the positive chlorophyll anomalies in the western equatorial Pacific during MAM(1) in the CT-El Niño, the vertical distribution of nutrients and the zonal current associated with the CT-El Niño are displayed in Figure 12 . During D(0)JF(1), the nutricline has not yet risen, due to the anomalous downwelling in the eastern equatorial Pacific, which caused an insufficient nutrients between the MLD and thermocline depth. Specifically, negative nitrate anomalies still exist in the central equatorial Pacific, which is responsible for the strong negative chlorophyll anomalies (Figure 12a ). During MAM(1), the negative nitrate anomalies are weakened, but are still evident (Figure 12b ). The positive chlorophyll anomalies start to emerge at that time, suggesting that another factor plays a role in the development of positive chlorophyll during MAM(1). As shown in Figure 12c , there is an anomalous high concentration of dissolved iron in the upper ocean in the western Pacific during D(0)JF(1). In the following MAM(1), the positive anomalies are further enhanced and expand to the central equatorial Pacific between the MLD and the thermocline depth, which can significantly contribute to chlorophyll concentration recovery. A similar pattern is also observed in the zonal current anomalies (Figures 12e and 12f) . Because the concentration of the dissolved iron is higher near the western boundary (Figure 10c ), the anomalous eastward currents lead to a positive advection of the dissolved iron.
Therefore, the anomalous eastward current in the subsurface layer of the western equatorial Pacific further develops and expands to the central equatorial Pacific during MAM(1) in the CT-El Niño (Figure 12f ). In addition, there exists a strong shear of zonal current below the MLD, which may lead a mixing to enhance the entrainment of iron and nitrate into the mixed layer. This acts to supply the dissolved iron to a photic layer over the central equatorial Pacific, which significantly contributes to the positive chlorophyll anomalies. Furthermore, we argue that the supply of dissolved iron from the far western equatorial Pacific is possible via the New Guinea Coastal Undercurrent (NGCU), as suggested by a previous study [Wells et al., 1999; Radenac et al., 2012] . In more detail, the NGCU plays a role to transports high-salinity waters from the Solomon Sea to the Equatorial Under Current (EUC) along the northern New Guinea margin [Lindstrom et al., 1987; Tsuchiya et al., 1989] . It is known that lithogenic input of iron to EUC source waters may occur through hydrothermal venting [Gordon et al., 1997] , tectonic and volcanic processes [Wells et al., 1999] , and fluvial flux, either directly from river outflow into the NGCU that flows close to the New Guinea coast or indirectly as river-borne sediments deposited on the shelf and upper slope are entrained by ocean margin circulation [Milliman et al., 1999; Sholkovitz et al., 1999; Mackey et al., 2002] . In addition, the role of tropical instability waves to contribute to the chlorophyll concentration has been also suggested by previous studies [Friedrichs and Hofmann, 2001; Evans et al., 2009; Radenac et al., 2012] .
We also display the vertical distribution of nutrients and the zonal current associated with the WP-El Niño during MAM (1) (Figure 13 ). In contrast to the CT-El Niño, a shear of zonal current below the MLD is quite weak (Figure 13c ). Subsequently, it leads a weak entrainment of iron and nitrate into the mixed layer by mixing processes. This acts to weaken the supply of the dissolved nitrate and iron (Figures 13a  and 13b ) to a photic layer over the central equatorial Pacific. In particular, the concentration of dissolved iron anomaly between the mixed layer depth and the thermocline depth is quite low during MAM(1) compared to the CT-El Niño (Figure 13b ). These are associated with relatively slow transition of anomalous chlorophyll from the mature period to the decaying period in the WP-El Niño (see Figure 6d ).
Finally, we examine details of the evolution of the sea level anomalies and undercurrent anomalies from the developing period to the decaying period in the CT-El Niño and WP-El Niño ( Figure 14) . The undercurrent is defined as the zonal current averaged over 70-150 m. During SON(0), a center of negative sea level anomalies appear off the equator in the eastern equatorial Pacific ( Figure 14a) ; therefore, the anomalous EUC is weak in the western equatorial Pacific. During D(0)JF(1), the negative sea level anomalies in the Northern hemisphere are shifted to the equator, and developing further in the Southern hemisphere (Figure 14b) . Such negative sea level anomalies induce the anomalous eastward undercurrent via a western boundary current in the equatorial western Pacific along with the NGCU from Papua New Guinea, resulting in an enhanced eastward EUC. Concurrently, nutrients are transported by an enhanced the NGCU and EUC. In more details, it is well known in the literature that the EUC is a major source or iron in the equatorial Pacific and that it is suppressed during El Niño, but when the recovery period begins increases in chlorophyll concentrations are observed due to a return of the EUC [Barber et al., 1996; Gordon et al., 1997; Chavez et al., 1999; Friedrichs and Hofmann, 2001; Radenac et al., 2001 Radenac et al., , 2012 Turk et al., 2001] . Furthermore, the negative sea level anomalies mean a shallowing of nutricline in the western equatorial Pacific. Therefore, the positive chlorophyll anomalies begin to increase in the western equatorial Pacific during D(0)JF(1). During MAM(1), negative sea level anomalies spread east-southward, due to a westward winddriven current and a geostrophic current (Figure 14c ). This spread of negative sea level is able to enhance the EUC along with a rising of nutricline and a vertical position in the western and central equatorial Pacific. Therefore, we confirm that the restoration of chlorophyll in the CT-El Niño is mainly due to the zonal advection of iron associated with the EUC, which has been suggested by previous literature [Radenac et al., 2001; Turk et al., 2001; Ryan et al., 2006; Radenac et al., 2012] . On the other hand, the negative sea level anomalies in the Northern hemisphere is still dominant off the equator and its magnitude is weak in the Southern hemisphere during SON(0) and D(0)JF(1) in the WP-El Niño. This is associated with a weakening of eastward EUC through a western boundary current in the equatorial western Pacific along with the NGCU from Papua New Guinea, which is in contrast to the CT-El Niño. Furthermore, negative sea level anomalies are confined in the western tropical Pacific and a westward undercurrent is observed in the eastern tropical Pacific during MAM(1) in the WP-El Niño (Figure 14f ). This prevents to enhance the EUC along with a rising of nutricline and a vertical position in the western and central equatorial Pacific, resulting in low concentration chlorophyll and its little changes in the central equatorial Pacific in the WP-El Niño. Note that, we also analyze the Simple Ocean Data Assimilation (SODA) data [Carton and Giese, 2008] and found that the SODA data set also show a similar evolution of the sea level anomalies and undercurrent anomalies comparable to the model (not shown). 
Summary
The ENSO plays a key role in influencing the variability of chlorophyll in the tropical Pacific ecosystem. According to recent studies, a new type of El Niño (i.e., WP-El Niño) has occurred more frequently than the CT-El Niño during recent decades. Several previous studies which examined the Chlorophyll response to the two different types of El Niño using a satellite observation data [Turk et al., 2011; Radenac et al., 2012; Gierach et al., 2012] but the number of WP-El Niño events is limited because of data availability issues. We examined the chlorophyll response to the two types of El Niño events using a long-term ocean-biogeochemical coupled model simulation that utilizes GFDL MOM4p1, which is forced by the historical wind stress forcing from the years 1951 to 2010. Most previous studies pointed out the importance of horizontal advection in the central Pacific, which is confirmed in the present study based on a coupled model simulation. In addition, we also examined the details of mechanisms of the nutrients supply process associated with the amount of chlorophyll during the developing or decaying period in the two types of El Niño, which are distinguished from previous studies.
It is found that the ocean model is able to reasonably simulate the CT-El Niño and WP-El Niño events in terms of their amplitudes and spatial patterns compared to previous observations. However, the model shows a bias when simulating the center of the maximum positive westward anomalies for both types of El Niño events. In spite of discrepancies, the ocean model is able to reasonably simulate the distribution of chlorophyll concentrations and their interannual variability.
The relationship between SST and chlorophyll evolutions is different between CT-El Niño and WP-El Niño in terms of not only spatial patterns, but also temporal evolution. In the case of CT-El Niño, the maximum positive SST anomalies appear in the central and eastern equatorial Pacific during the peak period of the CT-El Niño during winter, which is in contrast with the peak of negative chlorophyll anomalies during the previous fall. This is mainly associated with the anomalous eastward zonal advection, which brings less nutrient water from the warm pool region during the previous fall. Therefore, the transition of chlorophyll concentration, which is associated with the decaying period of the CT-El Niño, tends to precede that of the anomalous SST by 2-3 months. In the case of WP-El Niño, negative chlorophyll anomalies are confined within the central equatorial Pacific during the developing period. It is found that the evolution of chlorophyll anomalies is similar to that of the anomalous SST in the central equatorial Pacific from the developing period to the decaying period in the WP-El Niño.
To investigate the details of the role of zonal current in the evolution of chlorophyll after the peak period of two types of El Niño events, the evolution of mixed layer zonal current anomalies are examined. We found that the distinct difference in the evolution of anomalous zonal current between the two types of El Niño events can be explained by the geostrophic current, which has not been explained in previous studies. Further investigation indicated that the anomalous zonal current responsible for dramatic changes in the chlorophyll concentration during the decaying period of CT-El Niño acts to advect high chlorophyll and rich nutrients from the eastern Pacific and supplies the dissolved iron to a photic layer over the central equatorial Pacific via the NGCU, which is in contrast to the WP-El Niño. Chlorophyll blooming is significantly correlated with a shoaling of the thermocline and the EUC in the western and central tropical Pacific during El Nino/La Nina transitions [Gierach et al., 2013] .
